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ABSTRACT 

As part of a proj( ' i to compute improvi'U aomiic data for the spectral model- 
ing of iron K lines, \vc report extensive calculai ions and comparisons of radiative 
and Auger rates for naiisitions involving tlu' Iv-\acancy states in Fe XXiv. By 
making use of sevei vi computational codi's, a derailed study is carried out of 
orbital representatio is, configuration interaciioii. relativistic, corrections, cancel- 
lation effects, and fine timing, ft is shown iliai a formal treatment of the Bieit 
interaction is essentia 1 to render the iniiioriaiii magnetic correlations that take 
part in the decay parl.\va.\ s of this ion. .Vs a [■.■."idi, the accuracy of the present 
A-vahies is firmly t nked at better than lo.i .vinle that ol the Auger rates at 

only 15%. 

Subject headings: aiomic data - atomic processes - line formation - X-rays: 
spectroscopy 


1. Introduction 

Iron K lines are ann-ug the most mtc'restiug laatuics in astionomical X-ray spectra. 
These lines appear in mam cosmic X-ray sources, i iu'v ate located m a relatively unconfused 
spectral region, and haw' a well understood potential in plasma diagnostics. Detections 
date to the earliest rockei ('xperiments on astronomical X-ray spectra (Chubb et al. 1963; 
Serlemitsos et al. 1973). Iron K line observations ha\ (' lielpe.d to determine flare temperatures 
in the Sun (Doschek et al. 1981) and supernova icmnants (Serlemitsos et al. 1973), the 
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;hi( 1 s(uisitiviiy of yatellite-bonie X-ray 
i iio role of Fe K lines in diagnostics, 
1’ iuture iiistruinents such as Astro-E2 


emission geometry in X-Ia^ hmanes (Sanfor.l er al. Pravdo et al. 1977), have revealed 

the presence of extragalact ir unclear processed inaK ria,! m clusters ol galaxies (Serlemitsos 
et al. 1977), and strong gravity in S(*yfm-t galaxie.s i i an aka et al. 1995). 

Recent improvements ai the spei tial capalailr . 

telescopes ( Chandra, XMM Nnutun) have pronua 
trend that will continue to I'volve with the lauiicn 
and Constellation- X. Plasma, diagnostics such as ilios(^ devised from the iron K spectrum 
ultimately rely on the knowledge of the rnicroplivsics of line formation and hence on the 
accuracy of the atomic data. In spite of the line ident ihcations by Seely et al. (1986) in solar 
flare spectra and the labo atory measurements of sdorfer et al. (1989, 1993), Decaux 
k Beiersdorfer (1993) and iJecaux et al. (199a. 19':)7). tlu' K-vacaiicy level structures of Fe 
ions remain incomplete as mu be concluded from the o'ceiit critical compilation of Shirai 
et al (2000). With regai I- to radiative and Auger rates, the. highly ionized membeis of 
the isonudear sequence, namely F(' X.XV-F<> XXl. hav- receiverl much attention, and the 
comparisons by Chen (19.S >) and Kato et al. (1997) have brought al)Out some .legree of data 
assurance. For Fe ions witli an electron occupanc;r gn>ater than 9, Jacobs et al. (1980) and 
Jacobs and Rosznyai (198(.) have carried out centrai held calculations on the structure and 
widths of various inner-sin II transitions, but thes(' have not lieen subject to independent 
checks and do not suffice ( m l ent re(|uirements of ie\el-io-level da.ta. 

The present report is iIk- first m a pmjei i le , - ' inaticallv compute improved atomic 

data sets for the modeling it K spectra. The empl: . v.-: is both on a,ccuracy and completeness. 
For this purpose, we make cse of several state-of-i he-art atomic physics codes to deliver for 
the Fe isonudear sequence: eiKagy Ic'vels; wavehuigihs: radiative, Auger and electron impact 
excitation rates; and photmonization cross sections. In the case of Fe XXIV, transitions of 
the type Is^nl - ls2pn/ wi; h n > 2 yield satellite hues on the red wing of the Is"" - ls2p lines 
of helium-like Fe XXV at 1 .85.4. These satellite' liiu's lih'iid with the Fe XXV emission lines 
in low and medium resolm ion spectra and distoi i i lic- observed ('mission line ratios often 
used in plasma diagnostu s (Bautista k Kalhnan gubn: Oi'lgoetz A Pradhan 2001). We have 
approached the radiative- mid autoionization (.-Vugeij luoperties of Fe XXIV as a test case 
of the numerical methods .md of tlu' rekwance of ihe difterent physical effects. By detailed 
comparisons with previous u'ork. it has become (-vidcui rhat there is room for improvement, 
that some of the compiitai imial packages are defici.-ui for the study of K-shell proci^sses, and 
that an efficient strategy rmi be prescribed for the tK-aiim'iit of the whole sequence. 



2. Numerical laccliods 

In the present work ^vi employ dime diffemni < o,upnt.atioiial packages to study the 
decay properties of the n -■ i K- vacancy state's ol i.i-likc ie xxi\ . 

autostructure; an exT. ii.ion by Badnell (198(>. 1907) of the atomic structure code SU- 
PERSTRUCTURE (Eissner d al. 1974) to treat am ouaiization processes. It also integrates 
piecemeal developments tliat have been carried om o\('i the years to implement improve- 
ments in the relativistic framc'work, lerm-energy conrei ions, and Coulomb-Born high-energy 

limits. 

HER; the Hartree-Fock suiO' of codi's l)v Cowan ( ItiM ) ihat includes relativistic corrections. 
It is used to calculate level energies, wavelengths, o.scilimor strengths, and in a perturbation 
approach, autoionization rates. 

BPRM: the Breit— Pauli vc isiou of th(' R,-nial,rix ca aiou siatteiing code (Buike et al. 1971, 
Berrington et al. 1974, 1978. 1987; Scott & Burke 1980; Scott &: Taylor 1982). Resonance 
parameters are computed in the asymptotic region .virli the stcqb module by Quigley ^ 
Berrington (1996) and C)ingi('y ('t al. (1998). 

We have found the In Li-like system to be an unusually v(*rsatile workbench for the 
magnetic interactions, a ;ni that perlniiis has noi imeii alwa\-s appreciated in previous 
work. Thus prior to the ( urscniition of the mumiicai details ot the codes, we melude a 
concise summary of the irlativistic Breit Pauli Hamili onian which is used throughout our 
computational portfolio and will be central in tlu' di.Mnission ol K'snlts. 


2.1. Breit-Pauli llainiitonian 

The Breit-Panli Hainilumian foi ;iii A'-(>lecinMi .-irni.cm is givi'ii by 

f/i.i, = /7„,. -r- //: // •i, 

where Hu, is the usual mm-relativisiu; Hamiltonn c. iiie one-body relativistic operators 

A' 

Hu, = /„(mass) -I- /„(d) -I- ,/„(so) (2) 

represent the spin-orbit iuivraction, /,dso), and i lw imii-liue structure mass- variation. /„(mass), 
and one-body Darwin, ./,pd). corrections. The twi>-l;od\- corrections 

// 2 I) — y ' ' (so) -r /y„,„ (ss) + c.-.S I - f/,„,i(d) n (oo) , 


( 3 ) 
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usually referred to as the Un it iiiteiactiou, iuclude, un i.lie one hand, the fine structure terms 
gnm{so) (spin-other-orbit ; iid mutual spin-orbit) ;mn f/,,,„(ss) (spin-spin), and on the other, 
the non-fine structure terms .(/,„n(css) (spin -spin coin act), .(/„m(<l) (two-body Darwin), and 
5 „to(oo) (orbit-orbit). 

The radiative rates (.1- values) for electric dip s aiul (luadrnpole transitions are respec- 
tively given in units of s" l).v the (expressions 

.4,. !/:./) = 2.6774 X lifil--. (4) 

^ fjk 

4,., (/:. t) = 2.67.33 X 1()-'(DV - t) (5) 

where S{k,i) is the line -i length, <j, the statistun! wc-ight of the upper level, with ener- 
gies given in Rydberg units and lengtlis in Bohr iudii. Similarlv for magnetic dipole and 
quadi'upole transitions, th ' 1- values are 

= 3,5644 X iUMZv ■ /x )"— (6) 

4vrd/. . /) = 2.3727 x 10“' (i:, ) ‘ — 5 m2(/*<- '0 • 

' !Jk 

Due to the strong rnagiiviir interactions in l.liis loi,. i ii(‘ inagiK'tic dipole line stiength is 
assumed to take the toriii 

■SMi(^nD = :C C (8) 

where 

P := PO + pi = + -P"' ■ 

n— J 

P° is the usual low-ordei Ml operator and P“' laclndi's the relativistic corrections estab- 
lished by Drake (1971). .'.iiliough the main astro |4ivsical interest is in El Kct decays, it is 
shown here that some of tlic forbidden transitions dis])lay ,4-vahies comparable with the El 
type and therefore must la- taken into account for accniacy. Furthermore, in the case of the 
Is2s2p ^P 5/2 state, radial i\c decay can only occur through forbidden transitions. 


2.2. AUTOSTUI C fl'llE 

AUTOSTRUCTURE (B.uliiMl 1986, 1997). an cNU usmii of the atomic structure program 
SUPERSTRUCTURE (Eissn r et al. 1974). coiiipiitc's hue siructiire level energies and radiative 
and Auger rates in a Brc;t -Pauli n-’lativistic fisuucwork. Single electron orbitals, P-niirk 



are constructed by diagoiiaUzing the iion-iela-ti\'i.si ic i huiiiltoiiiaii, with a statistical 

Thomas-Fermi-Dirac model potential V (Ah/) (Eissiua fe Nussbaiimer 1969). The Xni scal- 
ing parameters are optimized variationally by miuiuii/ing a weighted sum of the LS term 
energies. The latter are li-iaesented by cc)nhgurauuii-inr(aaction (Cl) wavehinctions of the 

type 

( 10 ) 


Continuum wavefunctions .i.(‘ coiisr iiicied udihin d.e cnsioila'd-wave approximation. Rela- 
tivistic fine structure lewd, and raters are obtaiiien i/e diagonalizing the Breit-Pauli Hamil- 
tonian in intermediate co ipling- Both oiu'- and heo-body operators fine structure and 
non-fine structure (see Sc( rion 2.1) — liavc^ been liih>' implemented to order <y Z where a 
is the fine structure constant and Z the atomic uuml>er. The relativistic corrections to the 
Ml operator (see Eq. 9) Inaa l)een iiicorporatcMl \u si nt.RSTRUCi URE by Eissnei Ziippen 
(1981). 

Fine tuning — which i" advdsable lor ti eating hOiics liiat deeax thiough weak lelativistic 
couplings (e.g. intercoiiibi i-^rioii transitions) icanagi'd In means of teim eneig\ (.onec- 
tions (TEC). By considering th(‘ relativistic waxadiini ion. v- , in a [)erturbatioii expansion in 
terms of the non-relativis^.ic limctions gCh 
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a modified //„r is constiurri'd with improved vsiiiiMivs ot the differences Ef so as 

to adjust the centers of gnvitv of the spectral iii'iliipleis 1,o tlu! (“xperimental values. This 
procedure therefore relies )i: the' avjuhibilitv of speei roseopie data. 


2.3. HER 

In the HER code bv d owari (1981). an orbital liasis is obtainc'd for each electicmic con- 
figuration by solving the Hartree—Fock equations tnr t he spherically averaged atom. The 
equations result from the iipplication of the variai loiiai principle to the configuration aver- 
age energy and include rel itivistic corrections, iiaiiuSs- ijk' Blunie Watson spin-orbit, mass- 
velocitv and one-body D< I'A’iii terms. Fiie Blunie vVatson spin orbit teim (.omprises the 
part of the Breit interactieHi t hat can be reduced so e oiie-lnxly o[)erator. 

The rnulticonfiguratie li Hainiltoiiiaii matrix is coustrucn.ed and diagonalized in the LSJtt 
representation of the Shins' -Condon theoiv*. Each nuil rix elenieut is a sum of products of 



(i 

Racah angular coefficients ;iud radial integrals (Sl.nci and spin-orlnt integrals) 

(ai//|6) = " . (12) 

■/ 

The radial parameters, i.p caLi be adjust ed lo n : a Kh[( (‘ t he (experimental energy le\(Ts in 
a subsequent least-squares iit ting procedure, dlic* ^ i. en dahuffis and (dgenstates thus obtained 
[ab inifAo or semi-empiricalU') are used to coiiipuo' iiu wsivelength and oscillatoi strength 
for each poSvSible transition. 

The autoionization rao^s are calculated using ilic [jerturbation theory expression 

-1 = 

(13) 

Here a embodies the coniiluig scheme and tlu' nMiianbuig ciuantum numbers neccxssary to 
define the initial state; O:^ ])la\'s a similar lajlc-' for t lr' (Itr^'shold start' to which the continuum 
electron, el, is coupled, dlie kinetic energy ol' tin Ikr' ('lectrou. e. is determined as the 
differences between the-' aveidigt' cuK-ugv of the a.utuintii/tiig and the' tJiic^shold c.onfigurations. 
The radial wave functions ol; the initial and final siao s art' optiini/o'd separateH. Both states 
are calculated in internu dial (' coupling l)ut C’l r- .aruiiiited foi' only in the autoionizing 
statc 3 S. i.c^. no interaction ! ('l;we( 3 n the threshold ironic configurations is assumed. The 
continuum orbitals, c solutions of the lb;, i ; [)lus-vStatistical-Exchaiige equations 
for fixed positive values ol t le f Lagrangian muhiptcis ( Cowan 1981). 


2.4. 

The BPRM method n widely used in electric i ion scattering and in radiative bound- 
l)ound and l)Ound— free csT illations. It is basc'ci (>0 ilu' closcvcoupling appioxiination of 
Burke & Seaton (1971) whoK'by the woivefunctious lor start's of an A'-electron target and a 
colliding electron with total angular momentum and ])aritv Jtt are (Expanded in terms of the 
target eigenfunctions 

= . (14) 

^ J 

The functions Xt are vectui ( ouplcd i)ioduct.s of ilic target eigenfunctions and tlu' angular 
part of the incident-electi'uu functions, F,{r) arc t'le i ;ulia.l part ot the latter, and A is an 
antisymrnetrization opera' <)i-. The functions <!', nc laumd-type lunctions of the total sys- 
tem constructed with tan c! orbitals; they an-' iiu ; c.. hu ed to compensate for orthogonality 



_ J 

conditions imposed on tii^ ^ improve' -.hoi i -i hii;j,c coiiclations. The Kohn vari 

ational principle gives rise io a set of coupled nir^'cr()-rlilferential ('quations that are solved 
by R-matrix techniques (Bin ke et al. 1971: Berriiiarnii (U al. 1974. 1978, 1987) within a box 
of radius, say, r < a. In tic asymptotic region (/ > n). resonance positions and widths are 

obtained from fits of the ngenphase sums with liu s'lXKjB module developed by Quigley 
& Berrington (1996) and t^iiigiey el ah (1998). Xurmahz('d partial widths are defined from 
projections onto the open ( liaiiiiels. Breit Pauli r('hu u4s! ie coiiec tions have been introduced 
in the R-matrix suite by S(crt & Burke (1980) and S(oU fe Taylor (1982), but the two-body 
terms (see Eq. 3) have not is yet been taken into ac.comii. Inter-channel coupling in the scat- 
tering problem is eciuivah'iii to Cl in atomic strucuire. and repnrsents a formal and unified 
approach to study the dec .iv properties ot lioth buimd slat es and rc:'Sonances. 


3. Resuiis 

Since the present stucl\ oi t'he hc' l^i-likc' sysU'i.i :ias bec^n ap])ioa(hed as a test case., the 
atomic data, namely energv levels, wavcdeiigtlis. .-1 v-diH's. and Auger rates, are computed in 
several approximations ami (extensively comiiared v u li other data sets. This methodology is 
destined to bring out the diHiiinant physical cflects and i hc' flaws and virtues ot the different 
numerical packages. Adci4 [onally, it i>r(.)vich's siairnhs (or detc'riniuing acc uiacy latings, 
something which has not x en establishcul firmly m iIk' past. Since numerous calculations 
have bec^n performed, only a representative sel(-'ci.ii>ij is prc'sc'iited (see key in Table 1). 

Three calculations with autostructure aiv hiuc'd: ASTI, the' ion model is represented 
with configurations solely liom the' //. = 2 coinphcv and c'xcludes the Breit interac tion, i.e. 
the relativistic two-body op(‘rators in Eep (3); AS 12. the same as ASTI but includes the 
Breit interaction; AST3 takc's into account the hit on . single and double excitations to the 
ji — ^ complex, and TEC. -fhe lattc^r model enal)i('s i4h' estimate of Cl effects from higher 
complexes and the fine tuiiitig of the final deliverabii' data set. Two computations with HFR. 
HFRl is equivalent to AST '2: in HFR2, full a — •> Cl is includi'd and the radial integrals 
are fitted to reproduce exp(*rimental energies (tins iipproxiinatioii should be equivalent to 
AST3). BPRl is a computation with BPRM wheis ia lia' Hc'-likc' target is represented with 
the 7 lev’^els from the Is’. Is2s. am! Ls2|) confign; <ii i^ai-s, Since' BPRM does not take into 
account the Breit interaci si. BPRl should be c(v;a;aind)le with ASTI. 

We also compare witli live external data si'ts iCee Talde 1). COR, corresponds to the 
data set referred to as “Cm nille^’ in Kato et al. (1997'i (omputed with the program AUTOLSJ 
(Dubau & Loulergue 1981). an earlicT but simiiai iinplmnentation of AUTOSTRUCTURE. 
SAF contains the data set ’Safronova in Kato v\ al. (1997) and energy levels reported in 
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Safronova k Shlyaptseva ([!i06) that, have l)eeii oinaiinal with a l/Z perturbation method. 
This method uses a hydro^fiiic orbital basis, tlie coiic'lation energy includes contributions 
from both discrete and con luuurn states, and the t wo-bod.x- operators of the Breit inteiaction 
and QED effects are obtained in a hydrogenic api-i u.'aiiiation through screening constants. 
BPR2 contains both al-valiies and Anger widths cnieula.ted with BPRM by Nahar et al. (2002) 
using a target model that ( (imprises k'vels with /.■ ; i. lfl'R3 by Lemen et al. (1984) gives 
Auger rates computed wiih hfr in a single coiiliy.in m ion n,i)proximation (i.e. no Cl even 
within n = 2), the Breit in i ‘taction is not taken inio .» •count, and the Coulomb integrals are 
empirically scaled by 15'X to allow for neglected ( Itcets. MCDF (Chen 1986) contains data 
computed in a multiconfiguration Diiac-Fock iiinuel that accounts for the Breit interaction 
and QED in the transition ( leigy, but excludes the cxdiange interaction between the bound 

and continuum electrons. 

In the context of the < alculations of Augiu' ueeavs with autoSTRUCTURE, a dilemma 
quickly arises regarding ion representation, whether to use Li-tyi)c orbitals (paient ion) or 
those of the He-like renii uiit. By comparison v.-.ih results from the more formal BPRM 
method, it becomes clear i Imi. the latter type, is tl.c -upmior choice. On the other hand, the 
situation is less certain foi t lie Ka; radiative data <lue to tlu' absimci' of noticeable differences. 
In this case, and due to somewhat better agreement with previous work, the ,4-values have 
been calculated with pareiii orbitals. 


8.1. Energy levels arid wavelengths 


In Table 2 we compao jm'sent levi'l energies i xia'iimenl and SAF. It may be seen 
that the energies obtained lor the K-vacaiicy level; with apinoximation ASTI are on average 
10±2 eV' higher than expe imeiit. By including tin ttreit interaction (AST2), and mainly due 
to the contribution from the non-hne structure two-laxlv terms, this discrepanc;y is slightly 
reduced to 8 ± 1 eV. Fmther consideration of (1. i.e. from configurations of the n = 3 
complex, does not bring al)Out noticeable improvements. Results obtained with BPRl bear 
a similar degree of discord, riiis systematic diffi'ieuce is jiartly due to neglected interactions 
(e.g. QED), but also to tin fact that orthogonal oi biial liases are used to represent both the 
ground and lowly excited bound stares, in tin' one hand, and tlu' highly excited K-vacancy 


resonances on the other bus (liscardiug core n 


vauimi ('fleets. Since HFR can generate 


variationally separate set - i>f orbitals for each cmihguratioii. it leads to more accurate ah 
imtio energies: the avera - discrepancy of HFR I with (‘xperiment is only 2 ± 1 eV. Fine 
tuning, invoked in approx ii.ations AST3 and HFR 2. results in th(>oretical levels within 1 eV 
of experiment, comparabl • to the accuracy of l.b c\ displayed by SAF. Foi the uiiobseived 
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Is2s2p j 2 level, an enei'LM' of 6.6285(3) keV is pn'dirvi'tl which is in good accoid with value 
of 6.6283 keV quoted by S AF. 


In Table 3 we compiin' line wavelengths d(M!\c<l from the AST3 and HFR2 approx- 
imations with experiment and other theoretical ri.'>iiiis. The measurements were made by 
Beiersdorfer et al. (1993) u irh a high-re.solutiou Bo.g.^ mystal spectrometer on the Princeton 
Large Torus Tokamak. ( n i)revi(m.s criridsm i.'.n.idiug rhe incompleteness of the exper- 
imental data sets is clem \ suirponed bv this c -mnanson. With respect to experiment, 
differences with HFR2 an 1 SAF are not larger irnm 0.4 mA while those with AST3 and 
MCDF are within 0.6 mA and 0.8 mA respectively, i his level of accord is somewhat outside 


of the average experimenl al precision of 0.23 m.\. Ihe values listed by COR are system 
atically shorter than exp' nment by 3 mA and i:h(' ab vnilio results by BPR2 can be 
discrepant by a similar amount. In generak differences between the AST3, HFR2, SAF, and 
MCDF data sets show scati.ers with standard deviations not larger than 0.3 mA which can 
perhaps be taken as a lov\oi bound of theoret.ical 


iciri nc\'. 


3.2. Radiative rates 


A Li-like K-vacancy siat (> decays radiatively in emitting a Kev photon: 


(15) 


The strong transitions arc i ue dipole spin-allowed 
sitions [2Sf; + 1 = 4) can : l-o take place tlirough 
we have found that in sou c cases (lie forbidden i; 


c m -1 = 2) blit iiitercombinatioii tran- 
Lvlc relativistic couplings. Furthermore, 
i;ai lions must also be considered. 


In Table 4 we preseni i i ruisition probabilities < (Jiiii)ul.ed in the different approximations 
together with those from previous work: BPR2. COR. SAF. and MCDF. In the following 
discussion, we exclude the iransitioiis 10-3, 12 -f. 14 2. and 18-2 as they' are severely affected 
by cancellation and nothing hirther can he assei ti'O auoiit their radiative piopeities. In Fig. 1 
we compare A-values computed in A.ST2 with flh>sc in ASTI where significant difieiences 
are found. In general, the mclusiou of the Bivii iuicraciioii (AST2) increases rates; while 
the variations are not lai gcr than 10% for the siun allowed transitions that exhibit large 
rates (logA,- > 14), the cmiaueenu'nr. in the intcr.sysi.mn transitions (5-1, 6-1. and 13-3) 
can be ms large as 25%. Ii cbisiou of Cl from Uk' // = 3 complex le.ads to changes not larger 
than 2% while the fitting \' ith TEC. as expected, cause's differeiices mostly in the sensitive 
intersystem transitions. 

In Fig. 2a the transii ion probabilities compm cd in approximation ASTI are compared 
with those by HFRl, COR. SAF, and .MCDF. Wdiiic iIu'K' is exce'llmit agreement with COR 
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(within 10%), the data in HFR.l and SAF an* (ui higher l)v ~ 5% with scatters of 

±4% and ±12%, respectiM l''. Differences with ;\l( 'laF are as large as 21%. It can be inferred 
from this coinpm'ison thai O'OR most prol)ably did ma consider the relativistic two-body 
corrections, and the discor 1 with HFRl, SAF. and MC'Db is mostly due to the contributions 
from these operators. Tins assertion is supported by a hirther comparison with the data in 
AST3 (Fig. 2b); now the agreement with SAF and .\I(.'DF has improved to ~ 10% while 
discrepancies as large as 'i-.'i/c are found with Cdili. I lu' laigei diffeiences now found with 
HFR2 (15%) are an indi< ;ii ion that the Blunie W ai njii sereening in HFR does not account 
adeciuately for tlie Breit iiii ('raction. 11 he outeoiiu ui inis comparison clearly brings out the 
relevance of the latter in tie radiative decay, and gi',v us confidence' on the accuiacy ranking 
(better than 10%) that can be assigned to the . 1 .nines in AS 1 3 and on the reliability of 
AUTOSTRUCTURE platform in the study of the de. a.‘ |ii opc'rties of K-vacancy states. 

We have found that tlie K-vacancy states in l.i-like iron, in addition to their dipole 
allowed manifold, can also decay radiatively via imusiially strong magnetic transitions. As 
shown in Table t>, the A-\alues for th(' i\12 coiupoitem.s in 10“3 and 13 2 are almost as large 
as their El counterparts, and theK'f'ore must be .aaeii into account in order to maintain 
accuraev- The situation b i onies critical for lire Ff>/2 metastable which is showm to 

decay through both Ml a m M2 transitions (sr'i' laide .)). It may be also appreciated that 
the Ml A-value must b(' ; .ilculateil with the ri'lai ivisi ically com'cted operator (see Eq. 9) 
since the difference with tin‘ imcorrected version is 5 oidi'i’s of magnitude. Chen et al. (1981) 
have assumed that this stati decays radiatively oni'c \ ia t he M2 tra.nsition, and quote a value 
of Ar = 6.57 X 10® s~^ in god agreement (7%) wuili lire present A\i 2 -value of 6.16 x 10® s b 


8.3. Auger races 

While the radiative i aiisitioii |)i'obabiliti('s c:,.i ac rr^solved satisfactorily, the effects of 
the magnetic couplings on i lie Auger rates are uioi. r- id<'iit and thus larger the disci ejrancies. 
A Li-like K-vacancy level autoionizes through the licgle cliarrnel 

is2s''-‘2p'''‘ + !s- *So±e" (16) 

that ends up in the ground state of the He-like child ion. A conijrarison of rates is given in 
Table 6. As before, due to strong carrcellation ('[feci.',, wc exchide the ls(^S)2s2p(^P°) ^P 3/2 
and '^P °42 t^fMes from furil.er discussion. By cmapanng data from approximations ASTI 
and AST2 (see Fig. 3), it is found .significant sen.sni\uty to tin' Breit interaction: states 
with logAa > 13 are in general reduced by no more that 11%, but the smaller values show 
decrements as large as a bu tor of 2. In this rr'spi'ci and as shown in Table 7. the spin-spin 



1 1 

interaction can cause dra,si i> diaugcs in ihc ratc.s. * >uily due to level coupling within the 
parent bound configuratioiu" (Ijound hound (:()iiplii;g, hui also involving the final continuum 
configuration (bound-free (oupling). An outstanding illustration of this correlation is the 
Is2s2p '‘P 5/2 state which can only autoionize througli thn spin-spin interaction. By contrast, 
Cl from the n = 3 compie.v is found to be rehiHv('l>' unimportant, but the TEC lead to 
noticeable changes (25%) in tin' quartet st.atccs, (eg. isi])- '‘P./, that can only decay through 
relativistic intersystem coi.pliiigs that, are sensitiw lo level separation. The good agreement 
(~ 10%) between ASTI (aic BPRi tor states wiin iug.-f, > 13 leinfoices the AUTOSTRUC- 
TURE numerical foi mulatii 1 1 ot autoioui/ation pnx ( s.-e.'-,. and that lictween BPRI and BPR2, 
further confirmation that i from u > 2 conipk'xes is irrelevant in the decay of K-vacancy 
states of this ion. 

Unexpected large dis < k paiicies are eiuaHinteii'd with the data computed with the HER 
code. In the ca.se of HFF;.S. they can perhaps lx- arnibuted to the simple atomic model 
adopted by Lemen et al. ( l')84) that negh'cts l)oih Cl and the Breit interaction, but their 
origin in HFRl and HFRi .ue less ch'ar. Ta,king n;iv< e.aisideration that we have computed 
reliable Auger rates for 15' ions vvitli this cia;''. i.la; cause could be tentatively ascribed 

to an oversimplified iinpluHu'ntation of tlu' BriMt l.i cruel ion. 

In Fi^- d A-Uger rates in ASTI and AS Id aic (daiipiued witii OOFt, SAF, and NICDF. 
While agreement between ( '()R and ASTI is wii lna 1.0 /d . it ch'arly deteriorates with AST3, 
this is further evidence of thn neglect of tlie Bnnt iiiicmction by COR. Significant difteiences 
are also found with SAF and MCDF in partinilai lor the smaller values (logAa < 13). 
Focusing our discussion on the largo’r rates, data 1>\ S vf are on average 8/o higher than ASTI 
which is a worrvdiig outcdiie as th(' inclusion ol i lu l b (‘il inteia(d>ion in general decreases 
our rates thus magnifying the chscrcgiaiicy. 1 his enn appreciated in the comparison of 
SAF with AST3 in Fig. 41 w Irene the largeT dilferenecs m tound for decays subject to strong 
spin-spin bound-free corn Ictiou (see Fable 7), and can penliaps be attributed to its deficient 
treatment in the SAF api> o.a(4i. By (‘ontrast, tlu' diaeonl between ASTI and MCDF for the 
larger rates (up to 32%) n rcMluced to within io7. wiuai tire Brc'il interaction is taken into 
account. 

The lack of data stability for Auger traiisii ions with logAa < 13 is further put in 
evidence in the tricky deeav of the Is2s2p sianu While there is good agreement with 

Chen et al. (1981) for the iMuiiiiaiit radia-tivc' M2 L-cahu' (see ScH tion 3.2), their Auger rate 
of 6.53 X 10^ s"^ is a factor of 3 larger thus predii :aig a lower fluorescence yield (0.50) than 
the present (0.76) for this >!ate. 
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3.4. By and (7 l;a iurs 

In the spectral syntlu -i. of dielectrouic sal. ; liaos. relevant parameters for & k ^ i 

radiative emission are the hi anchin^ ratio 


By{k.,l) 



(17) 


and the satellite intensity factor 

Qd{k, i) = <Ji. By[l I •A,,\k) (18) 

where Ay(k, i), A{k) = L, B ik- M^)-. hucI <j, a-.c respectively the A-value, total radiative 
width. Auger rate and stctistical weight ot th(‘ upper i: level. In Table 8 we compare our 
best data set (AST3) with d’OR, SAF. and MCDId For B, > O.L the agreement is within 
5% except for the COR M 3 and the SAF ii 1 lines where it deteriorates to 9%. The 
former, being an intercom oi nation transition, is seiisirive to the atomic model while level 11 
is subject to admixture. 1 or B, < 0.1. the accord a within 15% if transitions affected with 
cancellation are put asichr For Q<i > Hi' ' ■ nc: ( cmcnt. with ( OR,, SAF. and MCDF is 

respectively within 10%, :’V/f. and 15%. Imi loi d;c .smaller values, discrepancies up to a 
factor of 9 do appear. 


4. Summary and conclusions 

As a starting point n a project to computi' im|)ioved atomic data for the spectral 
modeling of Fe K lines, w have carried out extciisns' ( alculations and comparisons of A- 
values and Auger rates for the K-vacancy states of die Li-like Fe XXIV system. Primary 
aims have been to seleci an applicable coiuputa; luual platform and an efficient strategy 
to generate accurate and complete, data .si-ts for v.ihm members (ff the first row of the Fe 
isonuclear secpience. 

Several physical effect, have been consideicd; orbital representations, Cl, relativistic 
corrections, cancellation, and seini-einpirical irnpmxcuients. For an A-electron ion, we have 
found that the most realistic representation is to iiave different orbital representations for 
the K-vacancy resonances and the valence states, i his is currently av'ailable in the HFR code, 
but most other platforms use orthogonal orbital iia.-cs ior computational efficiency'. In the 
case of AUTOSTRUCTURE, vdiich t.ises a irseud(j-c(u,. ii.u'um approach to compute Auger rates, 
orbitals of the (N — l)-elc vrou system must rlu’u a ii..(‘d. Lev'el couplings within the n = 2 
complex have been found lo b(> vital thus seriou.-u , liu sdoning t he reliability' ol the atomic 
model adopted by Lenien e al. (1984). C'l troin hie, her complexes contiibutes negligibly. The 



two-body relativistic operators, both fine structuii- and iioii-fiiie structure, play conspicuous 
roles in the decay pathways of the K-vacancy siaic^ of this ion, particularly in the Auger 
processes. Electron corrc: ar.ion could Ire then iuieiprc'ied as being highly magnetic: both 
bound-bound and bound dee spin- spin coupliii.ua have Ix'.en shown to be large within the 
n = 2 complex and special Iv critical in the Auger dk‘i av ol the ls2 s2p state. This state 
is also shown to decay r-uliatively ihrough forhiodi n Ml and M2 transitions, the former 
requiring a relativistic comcted transition ojxvraiui lu avoid errors in the line strength of 
several orders of magnitiidi'. In this liiglily ioni/i'il iimgnetic scenario, computer programs 
that do not include a forcihil iiiimerical impleiiKUH anon of the Breit interaction, or neglect 
it, have limited applicability. Such is the cas(' oi Brn'vM and HFR. We have also looked 
into cancellation effects, finding several transitions w ith acute disorders that discourage any 
discussion about their prooi rties. TEC.' have been loinid to l)e a useful option to attain high 
numerical accuracy, speci.ill\' for liiK' identilicat iuii and lo render intersystem couplings that 
can be sensitive to level splittings. 

In the light of the proldcuiis dis(,aissed abo\’c. ; (}s/ri;UCTUR.lA (unerges as the platform 
of choice. This implies thai the present c:alculal hm (‘iids up being an independent validation 
of the work by COR and. bv including improvc'd in.^gmuic corndatious and fine tuning, a 
substantial refinement, d lie level of agreement luinid with COR at the different stages of 
the present comparisons coulirms this assertion. 1 la (dlent accord also obtained with the 
radiative rates by SAF air : MCDF allow us to estaidisli a linn ranking of better than 10% for 
the AST3 A-vahies. On llu‘ other haiul the laiifv huge discrepancies with the SAF Auger 
rates are believed to be (uuscd by tlicdr rough tieaiuuuit of the Breit interaction in terms 
of screening constants. tKuii the agTCHuneni, wit h .MCDF, on tlr' other hand, the' present 
autoionizcition data with h‘gMa > 13 (an bc^ rankcil io within !•)%. We can also conclude 
from the comparison with SAF that the [irecisioii aiiaiucd for th(' K-vacancy level energies 
of dll eV is a louver bound >1 prc'sent coinputarioiia! c .ipabilities. Since it necessarily relies on 
fine tuning, and considering tlu^ current imavailai)ilii ui complete experimental K-Vcicancy 
level structures for Fe iono turther si)ectioscopic daia would be an asset. 

The present methodolngy of using s(-'vera.l couipui ational platforms to treat inner-shell 
processes has proven to 1)' k(\v in elucidat ing tlu' pii\ sics involved and the level of accuracy. 
It was previously exploited liy COR and SAF und .can' K'cently by Savin et al. (2002), and 
it will be therefore maim lined in our calculatioi.. on (jther members of the Fe isoiiuclear 
sequence. 

We are indebted to JMr Nigel Baducdl (Fnnx'isiiy ol Stratliclyde, UK) for invaluable 
discussions regarding thc^ AUTOSTRUCTUR.E optiou.b ;uid Auger processes in general, and 
to Dr. Claude Zeippen (OijservcVtoire de Paris, lu aiiccp for assistance with the relativistic 



corr6ctions of the Ml opeintor. CM Hckiiowl(Hl| 2 ^(‘s Si'iuor Resecuch Associateship from the 
National Research Counci . 



REFERENCES 


Badnell, N. R. 1986, J. PI \s. B 19, 3827 

Badnell, N. R. 1997, J. PI \ s. B 30, 1 

Bautista, M.A., Kallinan. J .R. 2()0(), Ap.l u-l-l. ■j;'m 

Beititsdorfer, P., Phillips. ; .. .Ia,c()lJ^. \ . 1... ai. j- 1. ApJ 409. 846 

Beiersdoifer, P., Bitter. \i voii G(h4(.'i. .S., llih. ;. . 1989. Phvs. R.ev. A 40, 150 

Berriiigtoii, K. A., Burke. I' G., Butler. K.. ei al. .1. Phys. 13 20, 63/9 

Berringtoii, K. A., Burke. 1’ G., Chang, ,1. et a:. 1974, Comput. Phys. Commun. 8, 149 

Berrington, R. A., Burke, i' G.. L(‘ h)()urut*ul. ,\1.. ‘.‘i al. .19/8, Goinjrut. Phys. Goniniun. 14, 
367 

Burke, P. G., Hibbert, A., l-obb, \\ .D. 1971, -i. Pays, i/ 3, 153 
Burke, P. G., Seaton, M. -I. 1971, Meih. Gonip. Pav:-.. 10, J 
Chen M. H. 1986, At. Dai a .\'ucl. Data T;il)le,s 3 1. 3Ul 
Chen M. H., Crasemann, 13 ., Mark, H. 1981, Phv:-.. iiev. A 24, 1852 
Chubb, T. A., Friedman. P. Kreplin. R. VV. 196.'; o8. 277 

Cowan, R. D. 1981, Tha I 'irrory of ALaintc. Sl.ru. : ...■: av/n! Spocira (Berkeley, CA; L'niversity 

of California Press) 

Decaux, V., Beiersdorfer, It 1993, Phys. Scr 'DP. ■.Uj 

Decaux, Vk, Beiersdorfer, It. Kahn, .S. M., .lacol/s. v 1.. 199/, Aj).) 482, 10/6 
Decaux, V., Beiersdorfer, It. Osterheld, A., el ;d. Pria. ApJ 443, 464 
Doschek, G. A., Feldman, ' .. Cowan, R. D. 198 j. .tpl 24o, 315 
Drake, G. W. F. 1971, PIin -. R,/'v. A 3. 908 
Dubau, J., Loulergue, M. 1981. Phys. Scr 23. 130 

Eissner, VV., Jones, M., K i-sbaumer, H. 1974 Comiaii. Idiys. Commun. 8, 270 
Eissner, VV., Nussbaumer. H. 1969, J. Phys. B 2. luys 



Eissner, W., Zeippen, C. 1. 1.981, J. Pliys, B 14. .. - 
Jacobs, V. L., Rozsnyai, b , I'. 1986 Pliys, Rev. .i 2U) 

.Jacobs. \'. L., Davis, .1., Ib’szip'ai. B. 1'.. C.oo|)(i. i. \\ . 1980 Pliy.s. Rev. A 21, 19D 

Kato. T.. Safronova, U. I.. Shlyaptscva. S.. .4 11*9/, At. Data Nucl. Data Tables 6/', 

225 

Leraen, J. R., Phillips, K. I H., Cowan, R. D.. vi ai. 1984, A<CA 135, 313 
Nahar, S. N., Pradhan, A. K., Zliaiif-, H. L. 2002. Plivs. Rev. A 03, 060701 (R) 

Oelgoetz, J., Pradhan, A.K. 2001, .\1NRAS 32i. i. u 

Pravdo, S.H., Becker, R.ll . Boldt, P.A.. et aJ. 19. T .\pJ 215, L61 

Quigley, I^.. Berrington, 1. 1996. J. Phvs. B 29. ! -99 

Quigley, L., Berrington. K Pelan, .). 1998. ('oiii]-.,i. I’liys. Comiriun. 114, 225 
Safronova, U. I., Shlyapt,^i \ i. A. S. 1990, Phvs. S- . ■ 1. 2 ;j 4 
Sanford, P., Mason, K-O., b I’s, J., 1975, MNB.Ah . , 4. 9P 
Savin, D. W., Behar, E., K. lin. S. M., el al. 201)9. .q).lS b.JS, 33/ 

Scott. N. S., Burke, P. G, 1980, J. Pliys. B L3. 12 -v 

Scott. N. S., Taylor, K. 1 1982, Coinjiut. Pliys. ( ./nunuu. 25, 34/ 

Seely, J. F., Feldman, U., Safronova, L. 1. 1986. .Apl -JOl, 838 
Serleinitsos, P.J., Boldt, 1: A.. Holt, S.S., et al. 19/--. A[/.T 184, LI 
Serleinitsos, P.J., Smith, P. A .. Boldt. E..A.. et. ;il. A-/ .Aj).I 211. L63 

Shirai, T., Sugar, J., Musgivve. A., Wiese. W. b. 2uui.. ,i. Bhys. Chem. Ref. Data, Monograph 

8 

Tanaka, Y., Nandra, K., 1 aaiaii. A. C„ el. al. 191- aitiiie 375, 659 


This preprint was prepait' 1 vith the AAS niai.t\.:s dD.u, 



Ar(AST2)/Ar(AST1 ) 


1.3 

1.2 

1.1 

1.0 

0.9 

12 13 14 15 



Log A;(AST1) 


Fig. 1. Comparison of ahios (s^') for K 1 1 ;iu:--ih()ns in Fe XXIV computed witli approx- 
imations ASTI and AST2 Diderenc'es are due to I'leii interaction. 
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Fig. 2.— Comparison of .\(nx)STRUCTURE .4-valiu .s (s ') for K Uansitions in Fe xxiv with 

other approximations and I'xtcrnal data sef.s. (a) ,\S[ I with: HFR 1 (triangles); COR (filled 
Q.'VTT .^.wl \ rr'nT? /tan, a < i,„ . i.i \ uttpo nriR 
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Fig. 4. — - Coiiiparisoii of m rosTliuCTURE] Aug(‘r t ah!s (s ') ior K-vacancy levels in Fe XXIV 
with previous data sets. (;i) ASTI with: CX)R (lilh'd ( in h^s): SAF (circles); and MCDF (filled 

/'K\ A Q'T^ iTrUC r‘Y Z' 1 l.w 1 V \ \: Arnni^ f r•n^■r.n•1/^c-^ 
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labk' 1 . Api)r(jxii[iai ioii key 


AS7 AST 2 ASIA HFHi 111^13 BPR 1 BPR2 COR SAF MCDF 


Orthogonal orbital basis 

Yes 

3 cs 


N(.) 

■, j No 

^e.s 

Yes 

Yes 

Y(‘S 

Yes 

Cl from n > 2 complexes 

No 

No 

^ ’ciS 

N o ' 

No 

No 

Yes 


\ es 

Yes 

Breit interaction 

No 

Yes 


Yes 

N ( ') 

No 

No 

? 

YYs 

Yes 

QED effects 

Semi-empirical corrections 

No 

No 

No 

Nu 

.\u 

No 

No 

. , . ■' o 

No 

No 

No 

No 

No 

No 

Yes 

No 

Yes 

No 


References. — ASTl-ASl’3: 1 i ■ .iii work ( ,\i i ()s i ui;c 'ii :hi; ; .l.:i liMfi: lA(‘seni work (hfr). HFR3: HFR calculation 

by Lemen et al. (1984). BPRJ: I i- 'MiI work (mMUl). -.i : i .il( nhiiioii l)y Naluir ot. al. (2002). COR: Cornille data 

set from Kato et al. (1997). SAi^' frcmtjva data .set, from l\;m> > i and Safronova & Shlyaptseva (1996). MCDF. 

Multiconfiguration Dirac-Fock caicn.it ion by CIkmi (198fj). 



Table 2. 

L( r 

(NKN'giPS 

(ke\") lul i 


{■onil)l(A 

of Fe XXIV 



2 

State 

i: v; 


ASd'l 


AST2 

\8 r:-; 

I-IFRl 

1-IFR2 

BPRl 

BPR2 

SAF 

1 

i.s^ 2 s 

0.(1 


0.0 


0.0 

il.U 

0.0 

0.0 

0.0 

0.0 

0.0 

2 

Ls"2p 

O.U in 

>00 

0.04801 

1 

().04!J2S2 

n.ii , 7778 

0,048499 

0.048599 



0.048540 

3 

is'^2p “P3/2 

U.n ; 1 

'>66 

0.066960 

0.066886 

il.6i; 167.7 

0.064639 

0 064566 



0.0645.34 

4 

ls2s^ 

6.6 11.1 

1 

6.609!) 


6.(i070 

... 

6.6018 

6.6004 

6.6072 


6.6011 

5 

ls(2S)2s2p(3p») “’P"^ , 

6.6] 

- 

6.6202 


6.6189 

w.ni ;j 

6.6129 

6.6131 

6.6177 

6.617 

6.6135 

6 

1s(^S)2.s2p0P") 

6.6 In 


6,626.1 


6.6227 

■ : i , 1 j6 

(>.(>178 

6.6173 

6 6230 

(>.627 

6.6171 

7 

ls(-^S)2.s2p(^PO ‘’P«^„ 



(i. 6.376 


6.(>:i 12 


(>.6296 

6.6205 



6.6283 

8 

lsC^S)2s2p(''P‘’) 

6,6 . . 

> 

6.66J 1 


6.66!)t< 

p. ' T'l 

6.(i6,38 

0.6637 

6.6605 

(>.649 

6.6534 

9 

ls(2S)2s2p("PO 2py, 

6.6 

) 

6.6732 


{i.(>ii!)7 


f>.6()4 1 

6.6618 

6.6708 

6.663 

6.6624 

10 

l.s(?S)2p2(3p) •'Pi/-> 

6,6“i 

1 

6.678 1 


6.(i770 

. . hVlii; 

6.670!) 

6.6708 

6.6764 


6.6717 

11 

ls(2S)2s2p('P“) -^P"/., 

6. 676 

1 

6.68(>6 


6.684 t 

■, uN.l 

6.6784 

6.6766 

6.6831 

6.674 

6.6765 

12 

ls(^S)2s2p('P°) 

G.iY'i 

) 

6.689(> 


6.6807 

. , 6 / ' i , 

6. 6812 

6.6790 

6.6869 

6.681 

6.6795 

13 

ls(^S)2py3p) ''P3/2 

6,676 

\ 

6.68()8 


6.6866 

6"62 

6,6790 

6.6786 

6.6853 


6.6798 

14 

ls(^S)2p2(3p) ‘‘P5/2 

6.66 b 

6 

6.69 1(> 


6.6917 

,, 

6 ,6866 

6.6857 

6.6932 


6.6856 

15 

ls(^S)2pyiD) 

6,r62 

- 

6.7137 


6.7! 18 

, 7'.'bl!' 

6.7060 

6.7029 

6.7112 


6.7042 

16 

ls(-=S)2p^(^P) 2p,/, 

{) . 7 6 i 

0 

6.7169 


6.7128 

1; 

6.7068 

6.7048 

6.7141 


6.7052 

17 

ls('^S)2p2(lD) -^D^/2 

6.766 

6 

6.721 ! 


(i.7i7(> 

II 7 ■ :8' i 

().7[2U 

6.7096 

6.7189 


6.7097 

18 

ls(-^S)2p20P) "P3/2 

(i.rj6 

1 

6.7349 


6.7316 

U 7226 

6.7247 

6.7219 

6.7329 


6.7230 

19 

ls(-^S)2p^(‘S) 

6 .: : ; 


6.76 1.1 


6.761 1 


6,7 148 

6.7112 

6.7519 


6.7428 


Experirnejital level energies from liiaj el al. (2000). 
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3 . 

W aveleii 

gths (A) 

lor 1 . 

i . oiisii ions in 

Fe XXIV 

Labe! 

“ k 

i 

lixpt'' 

A SO’ 3 

11KK2 

.. 3d; 

SAF 

MCDF 

BPR2 

P 

1 

2 

1 S92 19(25) 

i .8922 

1 .892 : 

i .,aA9 i 

1.8924 

1 .8927 


0 

4 

3 

1 89680(20) 

1.8971 

1 .897(j 

1 89 If) 

1.8969 

1.8973 


V 

5 

J 


1.8748 

1.8748 


1.8748 

1 ,8752 

1.873 

LI 

6 

J. 

1 87397(35) 

1 .8737 

! .873>(. 

871 

1.8738 

1.8742 

1.870 


7 

i. 


1 ,870(j 







7 

3 


1 .8890 






r 

8 

1 

1 8()325(20) 

1.8639 

1 .8(>:i 1 

8( M 1 

J .8635 

i 8640 

1.864 

q 

9 

1 

1 86109(15) 

i 86 !0 

1 .8(>1 : 


1.8610 

1 861.3 

1.800 

i 

10 

2 


= .8720 

1 .872^ 


1 .8722 

1 .8725 


li 

10 

;> 


! .8768 

1 8 76e-: 


1 87()(i 

1 .8771 


t. 

11 

1 

: 85f;93(20;i 

] .8568 

1 .85“'i. 


1 . 85 7 1 

1 .8571 

1.857 

s 

12 

i 


] ,85(»il 

1 .8 7'. - ■ 


i .856.3 

1 .8564 

1.855 


i;{ 

2 


J .8697 

i .87v, . 


i 8699 

1.8702 


r 

i;3 

3 


1.87 15 

! .87.6. 

, 1 

1.8743 

1 .8747 


e 

11 

3 

; 87246(35) 

1 .8729 

i .8 72a 

: .^703 

1.8727 

1.8730 


k 

15 

2 

i 86325(20) 

1 .8630 

1 .8«i32 

: .8( 3 i 1 

1 8630 

1.8631 


1 

15 

3 


1.8677 

1 .8(j77 

; .8652 

L.8674 

1 .8676 


d 

10 

2 


1 .8626 

1 .8(>27 

i .^594 

1.8628 

1 .8629 


c 

16 

3 


1.8674 

1 .8672 


1.8672 

1.8673 


j 

17 

3 

1 86576(12) 

1.866.1 

[ 8(>58 

8i>.:l 

1.8659 

1 .8660 


b 

18 

2 


1 .8576 

1 .8579' 

. .85 2 

L.8578 

1.8578 


a 

18 

3 

i 86207(30) 

1 .8(i23 

1 .862 i 

. 856.; 

1.8622 

1 ,8622 


11 

19 

2 


1 .852.3 

1 ,852a 

, 8 |,XM 

1 .8523 

1 .8521 


in 

19 

3 

: 85(2)3(20; 

1 .8570 

l.85^a 

! .85’ 19 

1 .8566 

1 .8565 



‘‘■Transition lab(^l^ lioui S(;(!ly ai. f ti)<Sb). 

'^Tokaniak inoasu ' mouTs (mice) lainlies in bi'ar!:i i ^ i.v’ 1 sdorler el al. (190-3). 





Table 4. ,4 -values s~') lor 11 .la.iisitions in Fe XXIV 


Label‘S k i ASTI 


\ST2 AST;! lU'IM :a irj BPR2 COR SAP MCDF 


p 

4 

2 

9.76- i 

'L16-1 

9.27- f 

1 .03-.-1; 

0 

4 

3 

9.85-1 

'i.S4-l 

9.52 - 1 

1 -08-i 0 

V 

5 

1 

4.06-1 

1. 98-1 

4.97-1 

4.08- 1 

u 

6 

1 

1.40+0 

1 .55+0 

1.55+0 

1 .10-0 


7 

1 

6.18-1 

V. ! 8-4 

(;.u;- 1 



7 

3 

L.93-5 

1 .91-5 

1 .04 -5 


I 

8 

i 

2.8<S+1 

U)fi + 1 

3.01 ‘ 1 

3.10^1 

q 

9 

1 

4.70+1 

l.7l-ri 

4.71-1 

4.!)4-r-l 

i 

10 

2 

1.90+0 

2.024-0 

2.L7rO 

1 .89 9-0 

li 

10 

3 

1.77-2 

7.70-3 

9.12-3 

1.79-2 

t 

11 

1 

2.01 + 1 

1.82-rl 

1 .86-1- 1 

2.01 -r- i 

s 

12 

1 

8.92-1 

'. !)()-! 

4.19-1 

6.57— i 

K 

13 

2 

6.21-2 

- 63-3 

4.51-3 

9.0.3 -3 

f 

13 

3 

8.01-1 

1 .01 + 0 

1.06-0 

8.1 1-! 


14 

3 

3.11+0 

.11 + 0 

3.58 + 0 

3.10+0 

k 

15 

2 

3.13+J 

::.I7+1 

3.L l+ i 

3.2(>9- 1 

1 

15 

3 

3.39+0 

1,32+0 

:1.6 1+0 

3.49+0 

d 

16 

2 

5.39+ i 

* 

5.31 + 1 

5.62'^ 1 

c 

16 

3 

1.58+1 

1 .63^ 1 

1 .60+ 1 

i.6(.-i- 1 

j 

17 

3 

2.09+1 

■; 09- L 

2.05-t ! 

2.19-:-J 

b 

18 

2 

L15+0 

7 70-1 

9.(i9- 1 

1 .21 9-ti 

a 

18 

3 

6.16+! 

f .0 19 1 

(..07 ■ 1 

6,13-:- 1 

n 

19 

2 

9.78- ! 

1 -209-0 

1 .03 a-0 

Ml 1-0 

rri 

1!J 

3 

2.4G+1 

. .42-9i 

2.40-rl 

2.56-f- i 


- O 


9.5I-I 8.75-1 

8.25-1 



9.;19-1 9.07-1 

8.36- 1 


3.66- i 

4.92-1 

4.86-1 

- ! .c ! 

I .32+0 

[ 17 10 1,59+0 

1.54 + 0 


. i 2.80+ 1 

2.88+1 

3.19+i 

2.89+ J 

i 1.74 + 1 


4.87+1 

4.43+1 

I >,:■ ■ 


2.10+0 

1.98+0 

; J 


9.30-3 

i.27-2 

: 7v ■ : 2.14 + i 

2,03+1 

1.79+1 

1.68+1 

, 5.83-1 

4,11-1 

7.78-2 

3.23-1 

! 0-9 2 


2.40-3 

3.42-3 

.S. 19-1 

8.23-1 

1.01+0 

9.67-1 

■9 . 2 i : M 

.737+0 

3.51 + 0 

3.17+0 


3.15+1 

3.27+1 

2.96+1 

\ JF-O 

3.O9+0 

3.90+0 

3,80+0 

5 59 . 1 

5.39+1 

5.44+1 

4.97+1 

j .i;-9 - J 


1.65+1 

1.53+1 

9.17’ 1 

2.11+1 

2.16+1 

1.98+1 

i 2 r - 0 

1 .25+0 

8.63-1 

7.57- 1 

9 . ' ' 

6 20+1 

6.21 + 1 

o.(kl+ 1 

: u.: ■ J 

8.89- 1 

1.09+0 

1.08+0 

.1 1 . . , 

2.44+1 

2.43+1 

2.22 + 1 


“■Tiansitiori labels from Si i ii m al. (I'JSbj. 


Nol.e. — a i 6 = tt X 10^' 
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Table 5. /l-values ! i '' s ') lor K traiisii u.;. .'ii i. sizable inagnetic components 


/d /' El 

M2 

:-,ll/MP 

7 1 0.0 


i) 

7 3 0.0 

0.0 

: :i 1 -1/6.11-7 

1( 3 9.07+1 

.5.04-1 

i . . U 

1 2 3.99+1 

5.19+0 

(:.(; 


■ ( umputed \vir4i uiicon cn rd :vlJ oiueratoi'. 
— Data coiiipul (‘(i wuli approxiina- 

tioii AST3. a ±b = a x lii ' 


Table C. An ;■ i nitcs ( LO' ' s“' j lo; _ - acaiicv stati's in Fe XXIV 


ASTI AST2 


4 

1.404-i 

1.44+i 

5 

1.88-2 

1.45-3 

G 

7.96-2 

3.55-2 

7 

0.00+0 

1.99-4 

8 

3.67+0 

4.29+0 

9 

8.99-4 

2.34-2 

10 

2.55-2 

2.53-2 

ii 

7.43+0 

6.87-rO 

L2 

1.10+1 

1.10+1 

13 

1.55—1 

8.44-2 

14 

2.31+0 

2.20+0 

15 

1.39+1 

1.26+1 

16 

l.OG-1 

9.16-2 

17 

1 .52+ 1 

1.44+1 

18 

3.44+0 

3.49+0 

19 

3.09+0 

3.00+0 


AST > 

llFRl 

HFR2 

IH^'163 

lOMl J 

BPR2 

COR 

SAF 

MCDF 

1.43- 1 

8 Gl + 0 

8,60 + 0 


1 5 i 1 


1.41 + 1 

1.47+1 

1 42+1 

1.33- - ; 

1.54-2 

1.09-2 

I.J 1 > 

:.7 7 -2 

1.54-2 


1.19-2 

5.57-3 

3.91 J 

6.56 — 2 

4.31-2 

f.,39 . 

, 67 

6.45-2 

8.40-2 

8.85-2 

1.71-2 

1.97 1 

0.00+0 

0.00+0 


, 6 





4.24- n 

3.42+0 

2.92 + 0 

2.8il ' 1 

.:..S7 ■ 0 

3.90+0 

3.80+0 

3.21 + 0 

4.83 + 0 

J. 1! -.7 

3.01-2 

8 .57 — 2 

(».2U . 

. X • ) 

1 ,86-2 


3.02-2 

5.74-2 

3.37 ' 

2.21-J 

2.23- 1 

3.U) . 

. . 7 2 



3.24-2 

1.53-2 

6.77 

7.16+0 

7. 55^-0 

■ 1 . 1 2 r ■ 

. . i • li 

7,1 0-1-0 

7.10+0 

8.96+0 

7.00+0 

1.07- : 

1 .05+1 

1.04- 1 

7.92 - I.' 


1.06-J-l 

1.10+1 

1.21+1 

1.05+1 

9.6(. .7 

1,37-1 

1.12-1 

1.17 - ; 

:.7S 1 


1.58-1 

i.01-1 

4,30-2 

2.61- d! 

2.05 + 0 

2.13+0 

! .83 - V 

,A5(>tO 


2.36+0 

2.64+0 

2.17+0 

1.27- . 

1,29 + 1 

1.30+1 

9.20-: 6 

1 ..38 -r 1 


1.35+1 

1.44+1 

1.27+1 

9.39-2 

2,58-1 

2.55-1 

3.68- 1 

r.o 1 -2 


9.50-2 

9.08-2 

1.64-1 

1. 37-; 1 

1.-14+1 

1.13+1 

1.0! -1 : 

1.17-1 


1.46+1 

1.60+1 

1,42+1 

3.2h+-A 

3.37+0 

3.29 + 0 

\) ", I* ; 

.7 19 ■-() 


3.29+0 

4.16+0 

3 14+0 

2.92-D 

5.86+0 

5,86-0 

4.2 1- b 

2.77-0 


2.83+0 

3.21 + 0 

2.72+0 




Note. — a ± /j = a x 10' 


Table 7. 


"^piu spill coul.nbulio!: Aii.^er rates (10 



ASTI 

ASTln-S.S' 

.\.S1++SS'’ 

4 

1.40+1 

1.31 + 1 

1 . iO+1 


1.88-2 

3.70-3 

;2-3 

( 1 

7.9G-2 

i.27 

^:Mi-2 

i 

0.0 

0.0 

:.+)-4 


3.67+0 

3. 92-4) 

3.I ++0 

n 

8.99-1 

l.GL-j 

1.2 1-3 

in 

2.6.5 -2 

2.11-2 

2.69-2 

1 ! 

/ .43+0 

G . 4 1 +0 

7.52^0 

I'J 

1.10+1 

1.02+1 

1.09-H-l 

i:i 

1.55-1 

7.99-2 

3 -82 -2 

1 1 

2.31+0 

2.00+0 

2.06+0 

in 

1.39+1 

1.14+1 

i .1 1 -r 1 

1 (i 

1.06-1 

7.37-2 

i.0!-l 

17 

1.52 + 1 

1.29+1 

1.57+1 

18 

3.44+0 

3.42+0 

3. 1 1+0 

M) 

3.09+0 

2.G7+0 

3.09+0 


''Buiiiul free s]>iii hpu. loupling iie- 

‘'Bound 1V{‘(' spin -.p:,. .'aipling in- 
1 1 ided. 
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Table 8. Radiati\c branching ratios B, a., satellite inlensity Q^\ lactors 


Label^^ 

k 

z 


AST:J 

(30R 

SAF 


MCDF 

Br(k,i) 

Qa:S: ; 

(iO^ ' s ■ ■ ) 

nAk.i) 


,;,:aa0 

Qa{^ ^ 0 

Br{k.l) 

Q,\{k,i) 

( lO*'* s“9 

p 

4 

2 

5.72-2 

1.6 1 ^ (j 

6.00-2 

J .68 + 6 

5 29 — 2 

1.56+0 

5.20-2 

1.48+0 

0 

4 

3 

5.88-2 

1.68 - U 

5.90-2 

l.66f0 

3.49-2 

1.62-yO 

5.25-2 

1.50+0 

V 

5 

1 

9.97-1 

2.66 



9.76-1 

2.32-2 

9-90-1 

1.10-2 

u 

6 

1 

9.75-1 

1.53 - i 

9.46-1 

3.1 7 - i 

!i 17 - J 

3.35-1 

9.90-1 

6.78-2 


7 

1 

7.40-1 

8.7t3 - i 








7 

3 

2.32-2 

2.7') ■' 







r 

8 

1 

8.76-1 

7.44 • 0 

8.83- ! 

(*.72 1-6 

6 6')- 1 

5. (83 + 0 

8.55-1 

8.28+0 

q 

9 

1 

1.00+0 

5.6 1 2 



- 1 

1.21 -! 

9.98-1 

2.29-1 

i 

10 

2 

9.81-1 

6.li 1 - 



9 81-1 

6.33-2 

9.85-1 

3.01-2 

h 

10 

3 

4.12-3 

2.77- 1 



1 33-3 

2.82-4 

6.30-3 

1.93-4 

t 

1 i 

J 

7.33-1 

9.92 - 0 

7..'; 3 1 

I .(J8 ■ ; 

a. t.7 i 

I.PM-1 

7.05-1 

9.88+0 

s 

12 

1 

3.76-2 

! .fi ! - 1' 

:;.8(i - 2 

I .76 ^ 0 

; 1 3 

:T09~1 

3.00-2 

1.25+0 

g 

i;i 

2 

3.90-3 

1.5i 



U*-3 

8,72-4 

3.38-3 

5.81-4 

f 

Id 

3 

9.13-1 

3.53 

8,27- t 

5.23 

67- J 

3,()7 - 1 

9.53-1 

1.G4-1 

e 

14 

3 

5.78-1 

9.0i) - " 

5.<S8- ! 

8.34-t 6 

3.71-1 

9.6 l-rO 

5.93-1 

7.72+0 

k 

15 

2 

6.61-1 

3.29^ i 

6.55-1 

3.53 T i 

h. 11-1 

3.76+ J 

6.43-1 

3.25+1 

1 

15 

3 

7.66 — 2 

3.82 i (i 

6.40-2 

3.47 1 6 

7,()4 -2 

4.41+0 

8.25-2 

4.18+0 

d 

16 

2 

7.68-1 

1.44- i 

7,72-1 

1.47- I 

7.()7-l 

1.39-1 

7.65-1 

2.51-1 

c 

16 

3 

2.31-1 

4.34 - 2 



2 32-1 

1.21-2 

2.35- i 

7.70-2 

j 

17 

3 

7 

o 

c 

4,92 -i 1 

5.92- J 

5.l7r i 

3 73 - 1 

5.32+ 1 

5.83-1 

4.95+1 

b 

18 

2 

1.49-2 

1.9(i i 

1 .90-2 

2.17- i 

1.29 - 2 

2-11- 1 

1.26-2 

L . 58 — 1 

a 

18 

3 

9.35-1 

1.23 H i 

9.31-1 

1 .23- i 

9.23-1 

1.5 1 + 1 

9.35-1 

1.18+1 

u 

19 

2 

3.68-2 

2.15- 

3.20-2 

1.79 - i 

6 ^2 ■ 2 

2.15-1 

4.16-2 

2.26-1 

m 

19 

3 

8.59-1 

5.0! 6 

<S.67-1 

4.96 :-U 

. 36 1 

5,16 i-6 

8-55-1 

1.64+0 


^Transition labels from Seely el -i i 


Note. — (I, ± /; = a X 10-^ 



